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intersystem crossing, and then reacts to give B directly with a yield of
close to unity . In the case of Cr(NH3)5C12~, the primary photoreactiongives cis-Cr(NH3)~(H20)C1

2
~ (AC). The appearance time is <5 nsec, too• short to allow identification of the reacting excited state. The .pKa of ACis 6.2, and in neutral and alkaline solution the prompt absorbance change

is followed by one of about 100 nsec grow-in time, identified as the rate
of proton transfer from AC to the buffer base.
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Rate of Primary Photoproduct Formation for Aqueous

Cr(en)3
3
~ and Cr(NH3)5Cl

2
~

R. Fukuda, R. 1. Walters, H. M~cke and A. W. Adamson

Department of Chemistry, University of Southern Californ ia, Los Angeles ,

California , 90007.

Abstract

High energy pulsed laser photolysis at 530 nm shows that in the

case of aqueous Cr(en)3
3+ there is both a prompt and a delayed appearance

of primary photoproduct, Cr(en)2(enH)(H20)
4
~ (B). The latter grows in

with the lifetime of emission from the first doubl e thexi state, D1
0.

Analysis of the variation of the ratio of del ayed to prompt absorbance

change indicates that the first quartet thexi state, Q1
0 , is formed wi th

70% efficiency and then reacts to give B with a yield of 0.17. D.
~
° is

produced with 30% efficiency in a fast intersystem crossing, and then

reacts to give B directly wi th a yield o~ close to unity . In the case

of Cr(NH3)5Cl
2
~, the prima ry photoreaction gives cis-Cr(NH3)4(H20)Cl

2
~

(AC). The appearance time is <5 isec, too short to allow identification

of the reacting excited state. The PKa of AC is 6.2, and in neutral

arid alkal ine solution the prompt absorbance change is followed by one of

about 100 nsec grow-in time , identified as the rate of proton transfer

1 from AC to the buffer base.
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Introduction

Chromium (III) complexes have been the subject of many detailed

photochemical and photophysical studies, s~~ Re ,-.—.1~.3~ The work

described here has been addressed primarily to the possible resolution

of an important uncertainty in the excited state reaction scheme . As

shown schematically i n Figure 1, absorption of light in the region of

~~the first ligand fiel d band yields a Franck-Condon (that is , vibrational ly ~,

excited) excited quartet state, Q~~. The thermally equilibrated excited

or thexi state, Q1
0, is lower in energy and distor e i1~-’t+~t-~Qud.J.ejl~~h

and bond angle changes relative to the ground state geometry likely have

occurred. Prompt intersystem crossing , pisc,to D
~
°, may occur during

thermal equi l ibration , where is the first doubl et thexi state. The

crossing may al ternatively occur from Q1
0, and be called isc. D1° may

undergo back intersystem crossi ng, bisc, to Q1
0. Emission (phosphorescence)

from D1° is usuall y observable in room temperature, fluid solution , of

lifetime T
e

• Chemical reaction to photoproducts may occur either from

or Q1
0. The reaction may be the same as the thermal ground state

reaction, or it may be different, in wh ich case the photoreaction has been

• called antithermal.

An early suppositi on was that all Cr(III) photochemistry occurs from

D1
0. With the appearance and experimental and theoretical authentication

• of the photolysis rules for Cr(III) compl exes (see Refs. 1-3) many investigators

went to the alternative conclusion that all photochemistry occurs from Q1
0.

We retained, in this Laboratory, the specific caveat that possi bly it

was only antithermal type reactions that occurred from Q1
0, and that

1 thermal ones might be occurring from ~~~ Later, quenching studies

implica ted D1° in the photochemistry in that quantum yields , •, were in
some cases reduced on complete quenching of the emission . Reported

C
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quenchable percents of • are: trans-Cr(NH3)2(NCS)4, 60% (in a low

temperature solven t)5; Cr(en) 3
3
~ (en = ethienediamine), 35-60% (depending

on quencher and excitation wavelength)68; trans-Cr(en)2(NCS) 2~, 80%~;
Cr(bipyridine)3

3
~, l00%

10; Cr(CN)6
3 , 0% (see Ref. 2). The unquenchable

portion of • must come from directly formed Q1
0 , but the quenchabl e

frac tion coul d in general be due either to reac tion from or from

Q1° produced by bisc. The latter conclus ion was advance d in the cas es

of Cr(en)3
3
~ and trans-Cr(en)2(NCS)2~, and the former, in that of

3+ . . . . .Cr(bipyr)3 (bipy r = 2,2 -bi pyridine). More recently, it has been

proposed that i n all cases the quenchable reac tion occurs from

The identification of the reactive thexi state is thus a matter of much

current discussion. Lifetimes of Q1 states under photochemical conditions

are also uncerta in, only ind irect estimates having been possible.

The nature of the intersystem crossing process is also under debate.

Excited state absorption , ESA , of 0.
~
° appears within short psec in the

cases of Cr(NCS)6
3 , trans-Cr(NH3)2(NCS)4, and trans-Cr(en)2(NCS )2~~,

1
~

but the path cou ld be either pi sc or isc.

The above ques tions are ones addresse d by the present inves tigation.

The approach is to determine the rate of primary photoproduct formation

by monitor ing absorbance changes follow ing pulsed laser photolys is under

conditi ons such that s ignif ican t ground state bleaching occurs . In a

prel iminary report,14 such monitoring experiments showed a prompt and a

delayed appearance of photoproduct in the case of aqueous Cr(en)3
3+, the

latter having a grow-in time the same as t
e • We concluded that 66-69% of

the photoreaction occurred through D1
0, in approx imate agreement wit h

- I

the quench ing results. The corroboration is not trivial , however. In
3

• quench ing experiments there is the possibility that quenching encounters

are not Ilinnocent lt iS with respect to Inducing chemical reaction.

~ 
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The present paper extends the results
•
with Cr(en)3

3
~ and adds data

for a new complex , Cr(NH3)5Cl 2+. This last was chosen because the domi nant

photoreaction is antitherma l (aquation of the trans amonia see Ref. 1)
and, according to present thinking , should occur from Q1

0.
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Experimental Section

Materials. [Cr(en)3](Cl04)3. The ch lor ide sal t was prepared

accord i ng to a literature procedure,16 and the corresponding perchiorate

sal t, by the dropwise addition of concentrated perchioric acid to a

cooled aqueous solution . The product was recrystallized at 5°C. Its

aqueous so lution absorption spectrum agreed within ex per imental error
17(3-5%) wi th that reported.

[Cr(NH3)5ClJ (N03)2. The chlor ide salt (Alfa Inorganics) was

converted to the nitrate by recrystall i za tion from several molal aqueous

potassium nitrate , and recrystallized from dilute aqueous potassium

nitrate . A lO 2M HC1O4 solution of the dark red crystalline product

gave an absorption spectrum agreeing wi th that in the literature)7

[Cis-Cr (NH
3)4

(H20)C1JC12. Thi s compound wa s prepared accord ing

to a literature protocol ,18 and again gave satisfactory agreement with

a published absorption spectrum. 19

Lutidine (2 ,6-dimethyl pyridine) and collidine (2,4,6-trimethyl -

pyridine) were obtained from Tridom Chemicals , Inc ., Hauppage , New Yor k,

and were distilled prior to use. Chenlicals were of reagent grade; the

deionized water used was pure in the sense that laser pulse flashing

produced no monitoring artifacts.

Photolysis equipment and procedures. - Aspects of the laser photolysis

apparatus have been described previous1y,~
1 and the block diagram for

the equipment is shown in Fig. 2. We used 530 nm pulses of about 1 J

and 0.5 3 energy for the Cr(en)3
3
~ and Cr(NH3)5Cl 2’~ systems , respectively.

The working measurement of pulse energy was by means of the photodiode

pulse, recorded as one of the oscilloscope traces. This photodiode

output was calibrated by means of a Korad Model 108 ballistic thermopile.

- _i
• _

~~~~
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The photodiode trace allowe d correction of the monitoring results

for the ± 10% variation in laser pulse energy.

The one cm diameter laser beam was shaped with a cylindrical lens

(15 cm focal length ) to give an i rradiated area of 2x9.5 mm on the front

w indow of - a four clear s ided pyrex fluorescence cell. The monitor ing

l ight was provided by a 1000 W Hanovia Xe arc l amp , and was collimated

and defined by slits so that a 2x2 m beam passed through the irradiation

cell at a right angle to the photolyzing laser pulse , and abou t 1/2 m from

the front (laser side) window of the cell. The monitored volume was

thus 2x2x9.5 nm 3. The cell itself was in a cel l holder whose temperature

(and that of the solution in the cell) was control l ed to 0.1°C by

circulating thermostatted water.

The transmitted monitoring beam was partially focussed down onto

the entrance slit of the Or iel monochromator~ (with preceding filters

to cut out sc~ttered 530 nm light), and exited onto a 5 stage RCA 4840

photomul tipli er (PMT). 20 The output current never exceeded 3 mA in an

exper iment, and the system rise and fall time was < 3 nsec. •In obtaining

this performance, we avoided saturation effects by limiting the on-time

of the monitoring light to about 2 msec by means of a Vincent Associates

mechan ical shutter. The sequencing was that triggering first opened the

• shutter, followed by the laser pulse. The PMT output was dropped

across the 50 ohm input terminal of the 7Al9 amplifier with a 7B92

time base in a Tektronix 7844 chassis. The dual beam trace of the

oscilloscope was recorded by means of a Model C-5l camera.

Emission lifetimes were measured as previously described ,11 excep t

that the five stage PMT was used in the case of Cr(NH3)5Cl 2~. Corn ing

glass filters were placed on the monochromator entrance sl it in order to

block out the 530 nm laser light, but transmit at greater than 600 nm.

H



Sample handl ing was as follows . Solutions were made up to have

optical densiti es of about unity per cm at 530 nm, so that concen trat ions

were about 0.2 M for Cr(en)3
3
~ (and 0.01 M in HC1O4) and 0.03 M for

Cr(NH3)5Cl 2~. They were fi l tered immediately before use through a 0.22 ii

Miulipore filter (twice filtered in the case of Cr(en)3
3
~ solutions): this

was essential, to avoid artifacts in the monitorin g traces (note Ref. 21).

Solutions were fres hly prepared for each set of runs; s ince the i rradi ation

cell contained about 2.5 cm3, or much more than the monitored volume ,

the mixing between successive experiments allowed several (never more than

ten) photolyses to be carried out wi th each filling. All measurements

were with air equilibrated solutions and , except for temperature

dependence studies , were at 20°C in the case of Cr(en) 3
3+ and 17°C in

2+that of Cr(NH3)5C1 . Absorption spectra were measured by means of

a Beckman Acta MVI spectrophotometer; the absorption at 530 nm and at the

• monitoring wavelengths to be used were determined just before each set

of runs , and occas ionally afterwards as a chec k that the overal l extent

of reaction was negligible.

Detailed absorption spectra ’- Analysis of the monitoring results

required accurate values of y, the ratio of extinction coeffic ients of
• the initial complex to that of the primary photoproduct, including

wavelength regions of weak absorption . We thus needed measurements at

more than the usually emphasized absorption band maxima positions . As

in the photolyses , all solutions were Mill ipore fi ltered before use.

In the case of Cr(en)3
3
~ (A), the primary photoproduct is Cr(en)2

1 
(enH)(H20)

4
~ (B).

22’23 We determined the absorption spectrum of B as

follows. A solution of A, acidified to pH 2 with perchloric acid , was
• photolyzed at 515 nm to successive small degrees by means of an Ar ion

laser. The degree of photolysis was determined from the absorbance

4.
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changes around 450 nm, using extinction coefficients , cB~ 
reported in

the literature .24 We coul d then calcu l ate c
B 

for wavelen gth s where the

literature values are not clear or not reported . The resulting spectrum

is shown in Fig. 3. (Species B aquates to the final product , cis-Cr(en )2
(H2o) 23

~, sufficiently slowly that spectral drifts fol lowi ng photolysis

could be allowed for).

The same spectrum was obtained directly. Low temperature (5°C)

Sephadex chromatography of a photolyzed solution yield B as an orange

fraction. Chromium analysis allowed the absorption spectrum to be

converted to an extinction coeff ic ient scale , and we find the reported24

value of 55 M 1 cm 1 at the first ligand field band maximum and of 3.3

cm~ at our most common monitoring wavelength of 580 nm.

In the case of Cr(NH3)5Cl 2~ (C), the dominant photoproduct is cis-

Cr(NH3)4(H20)Cl 2~ 
1 ,2 (AC). The absorption spectrum of the latter complex

I
I 

changes in alkaline solution because of conversion to cis-Cr(NH3)4(0H)C1~
(HC). The set of spectra is given in Fig. 4.

Determination of the absorption spectrum of HC was compljcated by

reac ti on , presumably chloride aquation , at pH’s a6ove, about 6. Thus

at pH 8.6 (and 17°C), the absorbance at 580 nm decayed (to a low terminal

value) with a rate constant of 6.33xl0 3 sec
_L 

A directly obtained

absorption spectrum at a sufficiently high pH that only HC would be

present would have been subject to large and therefor inaccurate correction

for this chlor ide aquation. An indi rect procedure was therefor used .
We first determined the PKa of AC by titration . Equal vol umes of

ionic strength 0.2 buffer and 8xl0 3M AC were mi xed and the absorbance
1

measured at 580 nm, correcting for drift where necessary . This was done

for several pH’s, the buffers be ing (pH range, buffer): (5.2-5.5 , acetate),

5.9-6.3, 2,6-lutidine), (6.5-8.0, 2,4,6-collidine), (>8, ammonia). Amine

~

---

~

- . -

~
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type buffers were used because of indications of ion pairing effects

with phosphate buffers. The degree of neutralization of the weak acid

AC is given by

= 
(HC) Ka 

+ 
= 

DPH 
- D i d  

(1)
(AC ) + (HC ) Ka + (H ) Dbas 

- D i d

where Ka is the acid dissociation constant of the aquo-chloro compl ex ,

and the D’s denote optical density at a given pH , in acidic, and in

basic solu tion. The resul ts are shown in Fig. 5, where the solid line

is F calculated for PKa 
= 6.25, and agrees reasonably with the data . Such

a PKa value is in the range found for coordinated water.25’26

The complete absorption spectrum for the hydroxy-chioro complex , HC ,

was then calculated from that for a solution at pH 5.8 and the known value

of F. At this pH the drift due to secondary reaction was slow enough

that an accurate spectrum could be obtained.

We also confirmed that the spectral change on photolysis of a pH 1

solution of Cr(NH3)5Cl
2
~ corresponded to the formation of AC. Al so ,

on making the photolyzed solution basic , the absorption spectrum changed

as expected for the formation of HC, and on re-acidifying, the absorption

spectrum returned to that immediately after photolysis.

- 

. • -  
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Results

• Cr(en) 3~~. A typical pair of oscilloscope traces is given in Ref. 14.

At 580 nm , for e~ample , there is a prompt absorbance increase , that is,

one which parallel s the integrated 20 nsec laser pulse , followed by a

slower absorbance increase with a grow-in time of around 1 psec, depending

on the temperature . No further change occur red up to the longes t time

mon itored , about 200 ~sec . As prev iously reported,14 the grow-in is

exponential , that is , of the form (D = Dt) / (0- D.~~) = exp (-
where is the grow-in time , Dt is the absorbance at time t following the

pulse , D , the value after no further change , and ~~~ the value immediately

after the l aser pu l se. Fur ther , the T~~~ and Te values at various temperatures

• agreed well.

The total absorbance change , (0 - D0), where D is the value before

arrival of the laser pulse , agreed with that calculated from the energy

of the laser puls e, the quantum yield for photolysis , and the values of

C
A 

and c8. The ca. 20% uncertainty in this comparison resided mainly

in the difficulty of estimating with any accuracy the number of photolyzing

quanta absorbed in the vol ume seen by the monitor ing beam. However ,

within this uncertainty , the agreement between observed and calculated

absorbance changes held over a range of wavel engths. We therefor identify

the photoproduct seen on the monitoring time scale as indeed species B,

or the same as observed in ordinary photolyses.

Our mon itor ing resu lt s are reported as R, the ratio of delayed to

prompt absor bance change, R = (D - Din
) / (D1~- Do). Figure 6 shows the

variation of R (and of y) with wavelength of the region 540-620 nm. The
1

R value at 620 nm was the most subject to error. Absorbances are small at

this wavelen gth and the precision of reading the optical density changes

was not icea bly reduced .

~~~~~ ~

•

~ 
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It was of interest to determine whether emission quenchers also

quenched the slow absorbance grow-in. Substantial quenching is reported

for solutions > 1 M in Co(II) or Fe(II),6 and for ones 0.01 - 0.1 M

in hydrox ide.7 However , the monitor ing traces obta ined on laser pul se

photolys i s of such systems were complex in nature, wi th non-exponential
growths or decays in absor bance , and on time scales unrelated to the D1°
emiss ion lifetime. Several types of exper iments were carr ied out with

alkal ine solutions. There is compl ete emission quenching in 0.1 M

sodium hydroxide (and 0.25 M Cr(en)3
3
~), as reported.

7 The mon itor ing

traces changed on sequential flashing, however. In a second series , the

solu tion was 0.002 M in hydroxide and 0.09 M in compl ex, and was

prepared with boiled water, nitrogen degasse d , and seale d aga inst exposure

to air , to avoid any pH change due to absorption of atmospheric carbon

dioxide. The emission lifetime was about 60 nsec, but lengthened and

became complex on sequential flashing . There was still a possibility of

carbonate impuri ty in the reagent sodium hydroxide , and we felt that the

• effect of carbonate ion should be i nvestigated directly. For this reason ,

and to minimi ze any pH change due to photolys is , some experiments were

made with a carbonate buffer at a pH such that hydroxide quenching was

negligible. A solution 0.02 formal each in sodium carbonate and bicarbonate

showed a pH of 10.05 , but on mak ing the solution 0.09 formal in complex ,

the pH dropped to 9.4 The effect coul d be due to displacement of the

carbonate hydrolysis equ ilibrium by ion pairing wi th the compl ex. The

emission l ifetime for this solution was 40 nsec, and s ince the compl ex

was in excess , there must have been dynamic as wel l as possibl e static

quenching . Simfiarly, for a solution 0.005 formal in carbonate and in

bicarbona te, but at essentially the same pH and complex concentration , the

emission life time was 130 nsec . By compari son, the lifetime for the complex 

~~~~- -~~~~~-~~~~- - --~~~~~~~~~~~~~~ 
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in a pH 9.4 solution with no added carbona te or bicarbonate was virtually

the unquenched value (1.7 ~sec at 21 °C).

Because of the number and complex ity of these var ious effects , they

were not pursued in detail. It does seem clear that chem ical events more

compl icated than simpl e hydroxide quenching were occurring , and ones wh ich

made unrel iabl e any conclus i ons from the monitor ing traces about the extent

of pr imary photoproduct format ion or its appearance rate.

Cr(NH3 )5Cl 2.
~ The initial experiments were carried out with unbuffered

solutions of Cr(NH3)5Cl 2~ at their natural pH of about 6. Monitoring

at 580 nm showed a prompt absorbance increase , and a slow one with a

grow-in time of long nsec. However, in acidic solutions only the prompt

absorbance increase was present. Monitoring experiments were then carried

out in solutions buffered at various pH’s.

To anticipate the discussion , we identify the prompt and slow

absorbance changes as due to the res pecti ve processes:

Cr(NH3)5Cl 2~ ..J~!., cis-Cr(FIH3)4(H20)Cl 2~ (prompt) (2)

C AC

cis-Cr(NH3)4 (H20)Cl 2
~ + B ~~~~~ Cr(NH3)4(OH)Cl~ + HB~ (slow) (3)

AC HC

where B and HB+ are the buffer base and acid species , respectively. The

hydroxy-chloro complex , HC, is probably the cis isomer, but this was not

determined. In acidic media , the total absorbance change in a monitoring

exper iment, (D - D ), should be proportional to the extinction coefficient
difference (CAC - C

C
). while in basic media , the change should be determined

by (C HC 
- CC). That this is essentially the case is shown in Fig. 7.

•1 L 
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First, the variation of the total absorbance change on pulse photolysis

of a pH 2 solution closely parallels that of (CAC - C C
), except at the

shortest wavelengths. Further, as shown in Fig. 7b, [(0 - Do)base -

(D~ — Do)ac idl closely parallels the variation in [CHC - CAC)) again

with deviation setting in at the shortest wavelengths . This deviation

is discussed further below; the rest of the spectral agreements are

satisfactory.

A second test of the correctness of reactions (2) and (3)

consisted of a series of laser pulse photolyses in variously buffered

solutions. If the final product is the equilibrium mixture of AC and

HC spec ies , then

(D - D )  - (D - n )  . K
~ o pH o acid a

F =  - -

(0 ,, = D ) b a e  
- (D~, - D ) id Ka + (Hi) (4)

Subscripts acid and base are for data at a sufficiently low and sufficiently

high pH, respectively, that the photoproduct was entirely in the AC and

HC forms respectively. The values of F obtained from the monitoring

data at 580 nm are included in Fig. 5. These values were alway s corrected

for any small variations in the laser pulse energy, as determined by the

photodiode trace.

In alkaline solutions , where it was most apparent , the grow-in of the

slow absorbance increase at 580 nm was exponential. That is, the equation

- D )  / (D1~ - 0 )  = exp. (- kt) was obeyed. The grow-in time, 1/k ,

was 100-130 nsec for a solution at the natural pH and ranged downward in

buffered solutions, depending on the buffer and its cot centration. These
1

variations were not explored in any detail.

--5., _~~_ :  .~~ .5-.-
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Discussion

Cr(en )3
3+. The various processes to be considered , shown in Fig. 1,

were described in the Introduction . Those involving 01° or Q1° as

reactant can be considered as ordinary thermal reactions obeying , for

exampl e , transition state rate theory ; D1° and Q1° are postulated to be

good thermodynamic species. 27 The reaction

k .bisc~, ‘5Dl ‘k 1
- isc

is essentially one of isomerization , albeit wi th a spin change. Al so ,

the quantity f1~~ can be written as a ratio of rate constants . However ,

~pisc is merely a branching ratio during thermal equilibration.

We can, for the moment , avoid any assumption as to the relative

importance of pisc vs. isc as the route whereby D1 ° i s formed , and as to

whether product , B, is produced by di rect reaction from D1
0 , or results

from bi sc and reac tion from Q1
0 . The kinetic analysis of the monitoring

experiment is as follows . Before the laser pulse , there is concentration

(A) 0 of complex and , approximating the monitoring beam path length as

1 cm, optical density D0 
= (A)

oCA . Immediately after the laser pulse ,

we have D1~ 
= (A) InCA + (D 1

0)
~~

c0 + (B) in cB~ where c
0 

is the extinction

coefficient for ESA (by D
~
°). We assume that intersystem crossing is

prompt , so that (Di°) in = 

~~a e l a denotes the moles per liter of light

quanta abso rbed by A from the laser pulse , in the volume monitored .

The prompt product formation is assigned to a fast reaction from directly

formed Q1
0 , (B) 1~ = Ia(l - f)+4, where is the fraction of Q1° exiting

by chemical reaction to photoproduct. Finally, (A) 1~ = (A) 0 - ‘a +

Ia (1 - f) (1 — 
.4) .

— - 
- —~—~w.-t-—..—- . —-  .— - 
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At long times , that is, after the complete grow-in of the slow

absorbance change , D = (A) CA + (B) CB, where (A) 
= (A) - I +

Ia(l - f)(l - +4) + Iai~~ 
- •,!~) and (B),, = 1( 1  - f )~~ + 

~~~~ 
$.!~ is the

fract ion of D1° that exits by chemica l reaction to photoproduct. From emission

studi es , (D10) = (D1
0)

1~exp (
~ 

t/T
e
) algebraic manipulation shows that

(Dt - D ) /(D1~ - D ,) = exp (_t/ r~)~ t

1
~ 

= T. That is , the slow absor banc e

change should grow in with the same lifetime . That this is what is

observed is a confi rmation of the general correctness of the reac tion
scheme.

Further man ip ula tion of the above re lationsh ip s gi ves

- 0in ~~ 
- 1) + f(l -

R =  = (6)
- D~ $Q

(Y - 1) — f(1 -

• where = f+~ and is thut portion of the overall quantum yield due to

reaction form or through D1
0 ; similarly, = (1 - f)~4, and is the yiel d

due to reaction from directly formed Q1
0 . Also , ~ = + 

~~~~~

. The

quantities ~ and 6 are the extinction coefficient ratios CB/EA and

cD/cA’ respectively; 6 is zero if there is no ESA . If y is large

compared to unity (or to 6, if 6>1), the Eq . (6) reduces to R =

Our results are shown in Fig. 6. In the wavelength region 580 - 610 nm ,

y is large and R should be independent of wavelength , as observe d . We

discount the imoortance of 6 for two reasons. First, 6 should vary wi th

wavelen gth, and were it large , such var iation should make R wavelen gth
dependent, contrary to observation. Second , were 6 large, 1a would not

be proportional to the laser pulse energy, and neither woul d the monitored

absorbance changes. No such dependence on pulse energy was observed

over about a two fold variation.

~~~~~~~~~~~~~~~~~~~~~~~



The increase in R at 620 nm is expected since ‘r is now small enough

that the f terms in Eq. (6) cannot be neglected . The solid line in Fig .6

is calculated for f = 0.3 , $,!~ = 0.88, and 
$4 

= 0.15, assuming the literature

value of 0.37 for ~ 
(see Ref. 1). We conclude that in the wavelength

• region 580 - 620 nm, 6 is not important , and that the above parameters

descr ibe the photochem i stry. The rel ati vely prec i se R values at around

580 - 600 nm give 
~ 

and as 0.26 and 0.11 , respectively, to about 5%

relative error. Al though larger , the error limits in R at 620 nm still place

f as 0.33 ± 0.09. We can thus conclude that the range of is between 0.64

and 1.00 or 0.8 ± 0.2 and that of between 0.14 and 0.19, or 0.17 ± 0.03.

The ratio of 0.70 ± 0.03 is somewhat higher than that found in

quenc hi ng studi es but , wi thin our error limits , should be the more

rel iable. For exampl e, if quench ing encounters i nduce chemical reac ti on ,

too low a quenchable yield will be reported. This could be true in the

case of OW as quencher , where for around 530 nm i rrad iation only about

35% quencha ble photolys i s is reported.7 There are , in addition , the chemical

complexities suggested by our monitoring and emission results. The 60%

quenchabl e photolysis found for Co(II) and Fe(II) as quenchers (and with

shorter wavelen gth irradia tion)6 coul d be in error either because of non-

innocent qeunching or because the high quencher concen tra tions needed
(> lM) in effect altered the nature of the med ium .

The present resul ts answer in part the questions posed in the

Introduction. First , we have by di rec t measurem ent prov ided an upper

limi t to the lifetime of Q1
0; t(Q1

0) 
~ 3 nsec in view of the closeness with

which the prompt absorbance increase follows the integrated laser pulse.

Second, the path of bisc and reaction from Q~° cannot be important. This

~ ~~4t~~
_ , 

- -
‘ .

~
- 

-
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path requi res that be 
~ $4. 

That is , the efficiency for no path for

chemical reaction to products that passes through Q1 ° can exceed the

efficiency of reaction from Q1 ° itself. Al lowing for our error limits ,

the majority path for disappearance of D1° is that of direct chemical

reaction; this conclusion is confi rmed by the quantitative considerations

that follows . We thus rule out bisc as a reaction of major importance.

This same conclusion was arrived at on a more genera l basis , from

emission studies)2 Emission rules for Cr(III) complexes were proposed :

Rule 1: For complexes with six equivalent Cr-L bonds, the emission

lifetime in room temperature fluid solution decreases with decreasing

ligand field strength.

Rule 2: If two different kinds of ligands are coordinated , the

emission lifetime will be relatively short if that ligand which is

preferentially substituted in the thermal reaction lies on the weak

field axis of the complex .

A rationale for these rules is that thermal (as opposed to antithermal)
- 

1~ 
photochem i stry li kely occurs from D1

0. In rela ted studies ,11 it was

specifically proposed that the emission lifetime of Cr(III) complexes in

fluid solution is determ i ned by the rate of chemical reaction from D1°

rather than by non-radiative relaxation to the ground state or by the
3+bisc rate. Our results confirm this proposal in the case of Cr(en)3 ;

the emission li fetime is mainly determined by the rate of chemical reac tion

of 01° to photoproduct , kcr = 5.4xl05 sec~ at 20°C.12 ’28 The temperature

dependence of the emission lifetime , and hence of kcr~ gives the frequency

fac tor A
~,.

i Acr = 5.4xl05 exp (10,000/293 R) = l.6x1013 sec~~. This is

in the normal range of values.

We are not able to give a definitive answer to the question of whether

the f value of 0.3 should be attributed to plsc or to isc. If the latter

Is the case , some rate constant analysis is possible , however. Referring

I ’

. 
-

-

~~~~~~ 
— — - — -
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to Fig. 1, we know that (k
~r + k

~;r 
+ k15~

) 3 3x 1O8 
sec~ since the

prompt product formation occurs within the time ~f the laser pulse. Further ,

since f . is now assigned as 0.3 , (k ,r + k
~r) 2.3 k 15~~ 

whence k 15~
3 (0.9)x 10~ sec~~. In fact , by using a ~ nsec excitation pulse , we can

state from the closeness with which the rise in emission intensity fol lows

laser pulse , that k15~ 
flx lO9 sec~~. Further , since $4 0.17, (k,r +

kj sc ) = 4 • 9 k
~r~ 

so tha t k’ = (o.56)k 15~ ~ O.5x10
8 sec~~. Si nce kbjsc ~ 10.6

sec 1 (no greater than l/~ and much less if is close to unity), K for t
E 5 i s  K = k  /k ~~0 O 25 bisc isc

We also have an est imate for 
~~~ 

In emission studies , extrapolation

of the emission decay to time zero after the laser pulse gives an initial

osc i lloscope readi ng V0 which is proportional to ~~ the intlial emission

intensity , which in turn is proportional to fkr~ 
Since kr should not be

temperature dependent , that of V0 should be due to f. For Cr(en) 3
3
~, this

corresponds to an apparent activation energy of 4.5 kcal mole1,~
2 which

we now assign as 
~~~ 

The quantity exp (_E
~sc/RT) is 5xl0~

4 at 25° C,

so the frequency factor for k
~5~ 

becomes A 15~ ~ 
2x l O 12 sec1.- The

lower limit is within the range of normal val ues for a unimo l ecular

reaction. The actual va l ue of 
~~~ 

should perhaps be

taken to be near its lower limi t, or ‘~
. lxlO9 sec1. Thi s is a rather

smaller value than that obta ined from the appearance time of exc ited

sta te absor pt ion in other Cr(III) complexes. 13 These were thiocyanate

conta ining compl exes , however , and for two of them, trans_Cr(en)2(NCS )2
+

and trans-Cr(NH3)2(NCS)4, the respective temperature dependencies of V0
are known, and corres pond to E

~5~ 
values of 0.0 and -2.3 kcal mole1. For

the same A isc i k15~ 
should indeed be powers of ten faster than for Cr(en)3

3+.

- 
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Returning to the 4.5 kcal mole1 value for 
~~~~ 

the energy gap

(Q1° - D~°) has been estimated to be about 14 kcal mole1 (Ref. 7 and

citations therein), so that E
~15~ 

becomes about 18.5 kcal mol e1. Since

E
~r

(D
i °) is only 10 kcal mol e1, it would not be surprising that kcr be

much greater than kbjsc• Our results thus generate no major inconsistencies

If f is identified as 
~isc

The alternative interpretation , f = ~~~~ a ll ows less numer ical

elaboration. E
~jsc 

IS flOW 4.5 kcal mole1, attributed to solvation shell

effects on the thermal equilibration escape probability of 
~FC•

12 We

now neglect k15~ 
and conclude that k

~:r ~ 
6xl07 sec1 and k

~r 
>‘ 3xl08 sec1.

These are permissible ranges , so again there is no inconsistency . There

is evidence , which we accept, that 01° appears via pisc rather than by

isc. 29 Note that by this interpretation , kbjsc should again be small

compared to kcr •

Returning to Fig. 6, R deviates from the calculated values , in the

• case of wavelengths les; than 580 nm. The deviations are in the

direction expected if ESA is becoming important , and the calculated 6

values are included in the figure. In more detail , we have, (wavelength ,

nm; 6; c*): (580; 1.2; 0.1), (570; 4.0; 0.57), (560; 3.9; 1.36). Here,

c~ is the extinction coefficient for the ESA , in M
1cm1. Qualitatively,

it appears that we are observing the long wavelength tail of the first

absor pti on band, a band that possibly resembles the first ligand field

bands of Cr(en)3
3
~ and of photoproduct and lies between them (see Fig. 3).

Cr(NH3)5Cl 2.~ As noted in the Introduction , thi s complex was chosen

because the princ ipal photoreact ion, being antithermal , probably occurs

from Q1
0
~ It is also a well studied system in terms of ordinary photochemistry.

Initial resul ts were excit ing in that both a prompt and a slow absorbance

change were observed . From emission studies , the lifetime of D1° is

• --  

— 
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< 5 nsec ,~~ and it appeared that the slow grow-in might be giving the Q1°

lifetime . However , as detailed in the preceding section , the pH dependence

of the monitorin g results seems to establish the reaction sequence (2) and

(3). The slow absorbance change is due to reaction (3). The formation

of primary photoproduct , AC , is too short for us to measur e and we

therefor cannot s tate whether or not it corres ponds to the D1° lifetime .

We bel ieve , however , that the reacting state is Q1
0, whose lifetime must

therefor be < 5 nsec.

It is worth noting that the monitoring results indicate that the

primary photoproduct is the aquo-chloro complex , AC , at all pH’s, including —

ones such that the hydroxy-chloro species , HC, is the thermodynamically

preferred form. The inference is that the lifetime of the reactive excited

state is too short for encounters with a base to be important, the photo-

reac tion involv ing already present, that is , solva tion shell water.

We have written Eq. (3) as involving a general base B, ra ther than

oW ion. The grow-in time of the slow absorbance i ncrease at 580 nni is

about 100 nsec in the p1-I range 6 - 8. Were reaction (3) written wi th OI~(

ion as the reactant, the bimolecular rate constant would greatly excee d

the diffusion rate limit. It is for this reason that we suppose the

sol vent buffer base , B, to be the reactant.

It was noted in the preceding section that the monitoring results

departed measura bly from expectation at the shorter wavel engths studied.

We are not sure of the explana tion. High energy pulsed laser conditi ons

are rela tively dras tic , however , and it is possible that some decomposition

products are formed , whose absorption becomes noticeable in the near uv.

Recall ing the indication of ESA 1n the case of Cr(en)33’, there is , for
-
: example, the poss ibility that some such occurred here , to give small amounts

of redox decomposi tion and ensuing polymeric species. 
- 

-

p
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~~gends for the Figures

Figure 1. Excited state scheme for a d3 system .

Figure 2. Block diagram of the laser and monitoring equipment.

Figure 3. Absorption spectra for aqueous Cr(en)3
3
~ (solid line) and

Cr(en)2(enH)(H2O)4~ (dashed line). 
2+Fi gure 4. Absorption spectra for aqueous Cr(NH3)5C1 (solid line),

cis-Cr(NH3)4[H2O)C l 2~ (dashed line), and Cr(NH3)4(0H)Cl~ (dot-dashed

line).

Figure 5. 0: Variation wi th pH of (OpH - Dacid )/(Dbase - Dacid ) from
spectrophotometric studies of aqueous cis-Cr (NH3)4(H2O)Cl 2~. •
Variation with pH of total absorbance change , fol lowing laser pulse

photolysis of Cr(NH3)5Cl 2~ at 530-nm , pl otted as [D~ 
-

- (D
~ 

- D,,)acid [/ [(Do 
- 0o)base 

- (D
~ 

0o)acid1~
Figure 6. Primary photoproduct forniation on 530 nm pulse photolysis

of aqueous Cr(en)3
3+. • : Exper imental R va l ues (numbers in

parentheses give the number of experiments). : Variation of y

wi th wavelength (with smoothing line). Full line: R calculated for

Figur: 7. (a) Plot of ~ = (EAC - EC) versus wavelength , solid line ,

left abscissa scale. Points wi th error bars are for ~~
‘ =

(D - Do)ac id from monitoring experiments , right abscissa scale.

(b) Plot of ~ = (CHC - CAC ) versus wavel ength, ful l line, left

abscissa scale. Points with error bars are for ~~~
‘ = [(0,, - Do)base

- (0 - Do)acjd
j from monitor ing exper iments , right absc issa scale.
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